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ABSTRACT: Environmentally benign hybrid interlayers are 
prepared by modifying the zinc sulfide (ZnS) with 
phenanthroline/derivatives and utilized in inverted polymer 
solar cells (PSCs). Performances of the inverted PSCs are 
improved enormously by incorporating these hybrid inter- 
layers, as which can effectively improve the energy level 
alignment, electron mobility, surface morphology, and 
interfacial contact. Greatly improved power conversion 
efficiencies (PCEs) of 7.79%, 8.00%, 7.47%, and 7.56% are 
achieved with these hybrid interlayers ZnS-BCP, ZnS-Bphen, 
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ZnS-Mphen, and ZnS-Phen, respectively, compared to the PCE of 2.99% of the reference ZnS-based device, based on 
PTB7:PC,,;BM active layer. Our results demonstrate that hybrid interfacial materials comprising inorganic and organic 
semiconductor possess promising potential to improve the performance of organic electronic devices, and set an example to 
develop this novel class of interfacial materials for electronic devices. 
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1. INTRODUCTION 


Polymer solar cells (PSCs) based on donor-acceptor blend 
bulk heterojunctions (BHJ) have been studied widely because 
of their promising advantages, such as low-cost, flexible form, 
light weight, and ease of large area fabrication.’ ° The power 
conversion efficiency (PCE) of PSCs has been dramatically 
improved and is approaching ~10% in the scientific 
literatures.” These improvements derived not only from the 
continuous emergence of novel donor materials but also from 
the great progresses achieved in the interface studies.*~'° The 
commercial hole-transport material, poly(3,4- 
ethylenedioxythiophene):poly(styrenesulfonate) (PE- 
DOT:PSS) is commonly used as anode interface material in 
conventional device architecture, aiming to improve the surface 
property of indium—tin oxide (ITO) electrode and its work 
function (WF). While the strong acidic nature of which can 
result in ITO erosion and seriously affect the device 
stability.'°'! Hence, many new anode interface materials, 
such as MoO;, V,0;, WO3, and NiO, etc., have been explored 
for substitution.” ™° Meanwhile, cathode interface materials, 
such as TiO, ZnO, PFN, FTBTF-N, etc. become more 
attractive recently since they can render the device in more 
stable inverted architecture. "767 

Generally, these interface materials can be classified into 
three categories: organic, inorganic, and hybrid interlayers. 
Most studies have focused on the first two, while quite limited 
studies have been reported about the hybrid type. Recently, the 
hybrid interfacial materials draw great attention from 
researchers since they presented promising potential as 


interface layer in photovoltaics, ®™?* because of their 
combinatorial favorable properties of organic and inorganic 
semiconductors. Although impressive performances have been 
obtained for devices fabricated with ZnO-C60, ZnO/CsSt, and 
CdS-BCP hybrid cathode interlayers,””*”® great efforts still 
need to be conducted to explore this hybrid type interlayers. 

Zinc sulfide (ZnS) is an environmentally friendly semi- 
conductor with a wide direct bandgap (>3.5 eV), which is a 
promising material that has vast potential in thin film devices, 
such as photoluminescent and electroluminescent devices.” ~? 
Meanwhile, high electron mobility as well as high electron 
affinity makes it attractive as an electron acceptor in hybrid bulk 
heterojunction photovoltaic devices, such as polymer:ZnS 
hybrid bulk heterojunction solar cells.*°’’ However, there are 
few literatures focusing on ZnS or its hybrid interfacial materials 
have been reported in PSCs.*””** 

In this study, we fabricated BHJ polymer solar cells based on 
poly[[4,8-bis[(2-ethylhexyl) oxy ]benzo[1,2-b:4,5-b’]- 
dithiophene-2,6-diyl] [3-fluoro-2-[(2-ethylhexyl) carbonyl] 
thieno[3,4-b]thiophenediyl]] (PTB7) and [6,6]-phenyl-C71- 
butyric acid methyl ester (PC,,BM) as the active layer, and 
hybrid ZnS-phenanthroline/derivatives (ZnS-P) as the cathode 
buffer layer grown in situ from its chelate precursor zinc 
ethylxanthate (Zn(S,COEt),).** By which, optimal PCE up to 
8.00% is achieved for devices with configuration ITO/ZnS-P/ 
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Figure 1. (a) Molecular structures of phenanthroline derivatives BCP, Bphen, Mphen, and Phen. (b) Molecular structures of PTB7 and PC,,BM. (c) 


Inverted device structure of ITO/ZnS-P/PTB7:PC,,BM/MoO,/Al. 


PTB7:PC,,BM/MoO;/Al, because of the improved interface 
properties by hybrid ZnS-P. While with the pure ZnS cathode 
interlayer, only 2.99% of PCE is obtained this technique. 


2. EXPERIMENTAL SECTION 


2.1. Materials and Methods. Zn(Ac),, KS,COEt, and pyridine 
were bought from Aladdin Reagent. Phenanthroline derivatives 
including 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP), 4,7- 
diphenyl-1,10-phenanthroline (Bphen), 2,9-dimethyl-1,10-phenan- 
throline (Mphen), and 1,10-phenanthroline (Phen) were bought 
from Alfa Aesar. PTB7 and PC,,BM were purchased from 1-Material 
Chemscitech Inc. (Canada) and American Dye Source Inc. (ADS), 
respectively. All the available materials were used as received without 
any further purification. 

The preparation of zinc xanthate (Zn(S,COEt),) was described in 
the literatures.***° BCP, Bphen, Mphen, and Phen were added into a 
stirred suspension of Zn(S,COEt), in chloroform, respectively, and 
the suspension immediately vanished when phenanthroline derivative 
was added in. The yellow solution was stirred for 2 h and then filtrated. 
The obtained filtrates were left to crystallize by slow evaporation. And 
then the crude product of Zn(S,COEt),(P) was purified by 
recrystallization from chloroform twice. 

2.2. Device Fabrication. The solar cells were fabricated on glass 
substrates with ITO (10 Q sq7') patterned on the surface. The ITO 
substrates were cleaned by sequential ultrasonic treatment in 
detergent, deionized water, acetone, and isopropanol for 20 min 
each. Finally the substrates were dried with pressurized flowing 
nitrogen gas and then irradiated in a UV-ozone chamber for 20 min. 
The precursors Zn(S,COEt),(P) (dissolved in N,N-dimethylforma- 
mide, DMF, 20 mg/mL) were spin-coated onto the ITO substrates 
under $000 rpm for 60 s and then annealed at 175 °C for 30 min in 
air. Then the substrates were transferred into an argon-filled glovebox 
and the active layer (~96 nm) was deposited onto the interfacial layer 
by spin-coating PTB7:PC,,BM dissolved in mixed solvents of 
chlorobenzene/1,8-diiodoctane (97:3 vol %) at 2000 rpm for 120 s. 
The blend ratio of PTB7:PC,,BM was 1:1.5 by weight (25 mg/mL). 
The device fabrication was completed by thermal evaporation of 10 
nm of MoO; and 100 nm of Al as the anode under vacuum at a 
pressure less than 2 X 10~° Torr. The effective device area was 0.06 
cm”. The electron-only devices were made with the structure of ITO/ 
ZnS (/ZnS-P)/PTB7:PC,,BM/LiF(1 nm)/Al. 

2.3. Device Characterization. J—V characteristics of PSCs were 
performed in glovebox using a Keithley 2440 sourcemeter under a 
simulated AM1.5G spectrum with an Oriel Sol3A solar simulator. The 
external quantum efficiency (EQE) measurements were performed 
using a Newport quantum efficiency measurement system (ORIEL 


IQE 200TM) with a lock-in amplifier and 150 W xenon lamp without 
encapsulation in air. The light intensity at each wavelength was 
calibrated with a standard single-crystal Si/Ge photovoltaic cell. 

X-ray photoelectron spectroscopy (XPS) and Ultraviolet photo- 
electron spectroscopy (UPS) measurements were carried out using a 
Kratos AXIS ULTRA DALD XPS/UPS system. For XPS, survey scans 
to identify overall surface composition were recorded using a 
monochromatic Al Ka X-ray source (1486.6 eV). High-resolution 
scans to identify bonding states were performed at 20 eV pass energy 
and 50 meV channel width. All the spectra were adjusted according to 
the standard value of C 1s peak at 284.8 eV. UPS was performed using 
He I radiation at 21.21 eV from a discharge lamp operated at 20 mA, a 
pass energy of 5 eV, and a channel width of 25 meV. A —7.35 V bias 
was applied to the samples to separate the sample and analyzer low- 
kinetic-energy cutoffs. 

UV-vis spectra of quartz/active layer or quartz/ZnS (or ZnS- 
Bphen)/active layer were tested on a UV-3300 spectrophotometer 
(MAPADA Co. Ltd. Shanghai China). Droplet images were recorded 
on a contact-angle system (model OCA20) and the film thickness was 
measured under Veeco Dektak 150. The surface morphology of the 
interlayers were investigated using a field-emission scanning electron 
microscope (FE-SEM) (Hitachi S-4800) and an atomic force 
microscope (AFM) with tapping mode using a Veeco dimension V 
atomic microscope at room temperature. 


3. RESULTS AND DISCUSSION 


In this study, the phenanthroline derivatives including BCP, 
Bphen, Mphen, and Phen were utilized as organic ligands to 
coordinate ZnS(S,COEt) to prepared zinc chelate compound 
precursors. With the annealing process, hybrid cathode 
interlayers, such as ZnS-BCP, ZnS-Bphen, ZnS-Mphen, and 
ZnS-Phen were formed by decomposing the precursors of 
ZnS(S,COEt)(P) on the ITO substrates. The as-prepared 
hybrid cathode films were about 25 nm measured with a 
profiler. Figure la depicts the molecular structures of BCP, 
Bphen, Mphen and Phen. The chemical structures of 
photoactive materials (PTB7 and PC,,BM) and the config- 
uration of the inverted PSCs are also presented in Figure 1b 
and Ic, respectively. The 10 nm MoO, deposited on top of the 
photoactive layer is used to facilitate the hole collection. 
Device characterizations of the PSCs incorporating ZnS and 
hybrid ZnS-P as cathode interlayers are presented in terms of 
current density versus voltage (J—V) under 100 mW/cm” air 
mass 1.5 global (AM 1.5G) in Figure 2. With hybrid interlayers, 


—#— ZnS-BCP 
—®— ZnS-Bphen 
—4— ZnS-Mphen 
—v— ZnS-Phen 


© 


-6 


Current density (mA/cm?) 


-0.2 0.0 0.2 0.4 0.6 0.8 
Voltage (V) 


Figure 2. Current—voltage (J—V) characteristics of the PSCs based on 
different cathode interlayers (ZnS-P and ZnS) under AM 1.5G 
irradiation (100 mW/cm?). The device structure is ITO/ZnS-P 
(/ZnS)/PTB7:PC;,BM/MoO,/Al. 


greatly enhanced performances are obtained for all the devices 
compared to the reference device with ZnS interlayer because 
of the huge enhancement in open-circuit voltage (V,.) and fill 
factor (FF), and slight increase in short-circuit current density 
(Js). The device using ZnS as the cathode interfacial layer 
shows V, of 0.371 V, J, of 16.07 mA/cm?, and FF of 50.09%, 
corresponding to PCE of 2.99%. While the ZnS-P interlayers 
promote the V, to ~0.7 V, J to ~16—-17 mA/cm”, and FF to 
>65%, resulting in PCEs over 7.50%. And the best PCE 8.00% 
is achieved with ZnS-Bphen hybrid interfacial layer as which 
provides the highest J,, and FF simultaneously keeping a high 
V,.. The corresponding device parameters including average 
values are summarized in Table 1. Furthermore, the statistical 
data are presented in the form of a standard box plot to 
analyzing the statistical distributions of device parameters (see 
Figure S1). Compared with other hybrid ZnS-P devices, large 
differences in parameters (FF and J,.) of ZnS-Mphen devices 
were recorded, which should be originated from the singular 
data point of device due to improper fabrication or test (such as 
poor probe contact). To understand the enhancement, the 
series resistance (R,) and shunt resistance (R) of the PSCs 
with different cathode interlayers are also summarized in Table 
1. Much lowered R, are observed for devices with hybrid 
interlayers, indicating better ohmic contact formation between 
the active layer and the cathode compared to the reference 
device. And meanwhile, almost 4 times higher R,, are 
determined for hybrid interlayer based devices, suggesting 
lower trap density and depressed recombination rate at the 
interface.°-** Both can promote the charge collection 
efficiency, and which is consistent with the measured device 
parameters. 

To further understand the underlying mechanisms for the 
improvement of the devices, dark J—V curves were measured. 
In dark condition, as shown in Figure 3, the devices with hybrid 
interlayers exhibit a turn-on voltage of about 0.8—0.9 V while it 
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Figure 3. J—V characteristics of the PSCs devices based on different 
cathode interlayers (ZnS-P and ZnS) under dark conditions. 


was only 0.5—0.6 V for the control device, implying that the 
built-in potential across the device, which is the upper limit of 
the attainable V,. in PSCs,” considerably increased upon 
utilization of the hybrid cathode interlayers. In addition, the 
leakage current of the devices with a hybrid interlayer is 
significantly restrained. Simultaneously, the diode rectification 
ratio characterized at +1.5 V was 1—2 orders higher than that 
of the control device, which indicates that the recombination 
was greatly suppressed. Furthermore, hole-blocking and 
electron-collecting become more efficient when the hybrid 
ZnS-P cathode buffer layers are used. Thus, higher performance 
devices can be expected when hybrid cathode buffer layers are 
utilized. 

Figure 4 shows the energy level diagrams of constituents 
used in the fabricated inverted PSCs. To achieve higher 
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Figure 4. Energy level diagrams of materials used in the inverted 
device configuration. Work function of ZnS, ZnS-P, and bare ITO 
were measured by UPS, and the rest were obtained from relevant 
literatures. 


efficiency of our PSCs, well-matched energy levels between the 
work functions of ZnS-with/without organic ligands and the 
lowest unoccupied molecular orbital (LUMO) of PC,,BM are 


Table 1. Photovoltaic Performance of PSCs Based on Different Cathode Interlayers (ZnS-P and ZnS) under AM 1.5G 


Irradiation (100 mW/cm’) 


interlayer Vx (V) J (mA/cm?) FF (%) 
ZnS-BCP 0.702 17.03 65.16 
ZnS-Bphen 0.711 17.08 65.88 
ZnS-Mphen 0.695 16.33 65.81 
ZnS-Phen 0.723 16.05 65.15 
ZnS 0.371 16.07 50.09 


“The average PCEs were based on 14 individual devices. 


PCE (%) R, (Q-cm?) Ry, (KQ-cm?) 
7.79 (7.55 + 0.16)" 4.94 0.77 
8.00 (7.62 + 0.20) 5.12 0.94 
7.47 (7.24 + 0.22)" 5.09 1.23 
7.56 (7.37 + 0.16)" 5.01 0.76 
2.99 (2.94 + 0.03)“ 7.08 0.25 


required. The work functions of bare ITO and hybrid ZnS-P 
interlayers were measured by UPS (Figure $2). The energy 
levels of the rest materials in Figure 4 were obtained from 
relevant literatures.*°-** In our study, there was almost no 
photovoltaic behavior detected for devices using the bare ITO 
as the cathode directly. As shown in the diagram, reduced work 
function of the cathode is achieved by inserting each of the 
hybrid interlayers due to the high LUMO of organic molecules, 
which decreases the energy gap between the Femi-level of the 
electrode and the LUMO of the PC,,BM, thus benefit the 
electron transport from PC7,BM to the cathode, as evidenced 
by results of the J—V measurements. Considering the small 
difference between the LUMO levels of ZnS-P and ZnS 
interlayer, and the hugely improved V,. of the ZnS-P devices 
compared to the ZnS device, we consider the enhancement in 
V, is not mainly caused by the reduced work function of the 
cathode but mainly by the depressed charge recombination in 
devices contributed from the largely improved shunt resistance, 
film morphology, and contact properties between layers, 
introduced by the ZnS-P interlayers. 

To better understand the enhancement of device perform- 
ance upon the incorporation of the hybrid ZnS-P interlayers, 
the apparent charge carrier transport properties were evaluated 
by using electron-only devices (Figure S3) according to the 
space charge limited current (SCLC) model (Figure $4).°°*>** 
The electron-only device structure was ITO/ZnS (/ZnS-P)/ 
PTB7:PC,,BM/LiF/Al. The apparent electron mobilities were 
determined to be 1.29 x 107°, 1.54 x 107%, 1.57 x 1075, and 
3.69 X 10°° cm’-V"!-s7! for ZnS-BCP, ZnS-Bphen, ZnS- 
Mphen, and ZnS-Phen based devices, and 1.18 X 107° cm*-V- 
s7! for the reference ZnS-based devices. Obviously, devices with 
ZnS-BCP and ZnS-Bphen showed higher apparent electron 
mobility than that of the reference device. Three orders of 
magnitude of the apparent electron mobility were recorded 
since they possess more rigid and planar phenyl groups (Figure 
1), which could have improved the intermolecular packing and 
provided more extended z-electrons, thus contributing to the 
electron mobility.°*° These improved charge transport 
properties are also consistent with their improved J, (Table 
1). While the other hybrid materials showed comparative 
apparent mobility properties compared to the reference ZnS 
because of the different molecular structure. And this is 
reflected by their recorded similar J,. values compared to that of 
the reference device. Although similar J,, were recorded in the 
ZnS-Phen and ZnS devices, much higher PCE was obtained for 
the device with ZnS-Phen compared with the ZnS device. We 
consider this to be the result of improvements in other 
parameters of the devices like smaller R, larger Ry, better 
matched energy levels, improved contacting property between 
layers and so on by the hybrid interlayers. 

UV-—vis spectra were measured to identify the absorption of 
components in devices with or without interlayer (ZnS or ZnS- 
Bphen). Since the enhancement of absorption devoted by the 
interlayers was not obvious, as presented in Figure SS. Thus, 
the improvement of the photocurrent density should be mainly 
ascribed to the improved carrier transport and collection. The 
EQE curves of the devices with different interlayer are 
presented in Figure S6. The integrating photocurrent densities 
are consistent with the corresponding Js. EQEs of hybrid 
interlayer based devices show higher value than the ZnS-based 
device in the wavelength range 400—700 nm. According to the 
steady absorption spectra (Figure S5), we consider this 


enhancement is due to the improved interface properties at 
the cathode by the hybrid interlayers. 

Moreover, the influence on the surface characteristics of the 
cathode interlayers by the different hybrid materials were also 
investigated through SEM and AFM measurements. Figure 5 
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Figure 5. SEM images of bare ITO and different cathode interlayer 
(ZnS and ZnS-P): (a) bare ITO, (b) ZnS, (c) ZnS-BCP, (d) ZnS- 
Bphen, (e) ZnS-Mphen, and (f) ZnS-Phen. 


displays the SEM images of the ZnS and ZnS-P interlayer 
surface. The ZnS film (Figure 5b) shows very similar surface 
characteristic like the bare ITO (Figure Sa) due to its good 
spreadability on ITO substrate. However, distinct surface 
morphologies are observed when ZnS is modified by 
phenanthroline and its derivatives (Figure Sc—f), where well 
distributed aggregates are observed. Similar results are also 
observed in the topography AFM images (Figure S7), in which 
domains with height of 20—30 nm are recorded (Figure S7b— 
f). We consider these different aggregations could have been 
resulted from the different molecular polarity and planarity of 
the organic molecules. As shown in Figure la, two separated 
methyl groups are contained in the Mphen molecule, two rigid 
phenyl groups are included in the Bphen molecule, and both 
methyl and phenyl side groups exist in the BCP molecule. 
These different side groups can provide different polarity and 
planarity for the corresponding molecules which results in 
different steric hindrance, hence different aggregations. And we 
speculate that the more methyl and phenyl groups could have 
contributed to the larger aggregations for the ZnS-BCP, ZnS- 
Bphen, and ZnS-Mphen films. Moreover, when the ZnS was 
modified by phenanthroline and its derivatives, the 
PTB7:PC,,BM films on these hybrid interlayers exhibited 
slightly smoother surface with root-mean-square (RMS) 
roughness of 1.09, 1.12, 1.19, and 1.20 nm, respectively (Figure 
S8). Especially for ZnS-BCP and ZnS-Bphen, relatively smaller 
domain and smoother film surface were observed, which is 
consistent with the obtained device performances. 
Furthermore, the enhanced hydrophobicity of the hybrid 
interlayer surface was confirmed by the increased water contact 
angles compared to the corresponding value of the ZnS film 
(Figure 6). The water contact angle was increased from 47° of 
the pristine ZnS film to 74°, 70°, 61°, and 66° of the ZnS-BCP, 
ZnS-Bphen, ZnS-MPhen, and ZnS-Phen hybrid films, respec- 
tively. In the hybrid films, nitrogen atoms with higher 
electronegativity chelating the ZnS toughly while the aromatic 
ring with lower electronegativity existed oriented upward made 
the films hydrophobic and compatible with nonpolar 
chlorobenzene solvent. Especially, in the film of ZnS-BCP 
and ZnS-Bphen (Figure 6c, d), the existence of diphenyl groups 
made them more hydrophobic than the rest ZnS-Mphen and 
ZnS-Phen (Figure 6e, f). Obviously, modification by organic 
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Figure 6. Contact angle measurements of water drop on (a) bare ITO 
(15°), (b) ZnS (47°), (c) ZnS-BCP (74°), (d) ZnS-Bphen (70°), (e) 
ZnS-Mphen (61°), and (f) ZnS-Phen (66°). 


ligands increased the intimate contact between the interlayer 
and the active layer, leading to the improvement of the device 
performance. 

The well-distributed domains as mentioned in Figure Sc—f 
should be the aggregates of the chelate compounds (ZnS-BCP, 
ZnS-Bphen, ZnS-Mphen, and ZnS-Phen). For detailed 
chemical state of the elements on film surface after 
modification, as an example, the ZnS-Bphen film surface was 
characterized by XPS. As shown in Figure S9a, the difference of 
the XPS survey spectra between ZnS decomposed from 
Zn(S,COEt),-(pyridine) and ZnS-Bphen mainly lies in the 
peak of N. Figure S9b exhibits the Zn 2p peaks for chelate 
compound ZnS-Bphen where Zn binding energy was matched 
through peak deconvolution with the independent Zn—S (Zn 
2p3/2 1021.6 eV) and Zn—N (Zn 2p3/2 1022.6 eV) chemical 
bonds.*? The N—Zn peak (N Is 398.5 eV) and N—C peak (N 
ls 399.4 eV) in hybrid compound ZnS-Bphen were shown in 
Figure S9c. The shifts of Zn peak to higher BE and N peak to 
lower BE confirms the existence of coordination bonds 
between ZnS and Bphen, which is in agreement with the 
SEM images and contact angle results. 

As demonstrated above, besides the different film morphol- 
ogies, electron mobilities, diverse work function and surface 
affinity were recorded and different morphologies of the active 
layers were observed as well. We believe that all these aspects 
and together with other factors like the conducting properties 
of the ZnS-P layer, must have contributed to the device 
performance. And their balanced effects have determined the 
final outcome. 


4. CONCLUSION 


In conclusion, various ZnS-P hybrid interlayers were prepared 
using an in situ growth method for the inverted PSCs. We 
studied the performance of the inverted PSCs incorporating 
ZnS and hybrid ZnS-P interlayers (ZnS-BCP, ZnS-Bphen, ZnS- 
Mphen, ZnS-Phen) as cathode interlayers. The hybrid ZnS-P 
interlayers can effectively decrease the energy barrier, boost the 
electron mobility, and improve the morphology and interfacial 
contact properties. For the optimized inverted devices based on 
PTB7:PC,,BM incorporating the hybrid ZnS-P films, the PCE 
was significantly improved to 7.79%, 8.00%, 7.47%, and 7.56%, 
respectively, compared to the PCE 2.99% of the pristine ZnS- 
based device. These results demonstrate that the environ- 
mentally benign inorganic semiconductors like ZnS can be 
modified by organic semiconductors to produce a general 
applicable hybrid interfacial material for PSCs. Our work 


suggests a promising potential for these hybrid semiconductors 
as interfacial materials in optoelectronic devices. 
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